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The  following  techniques  are  employed  to  measure  the  optical  absorption  and  scattering  factors  of 
breast  tissue:  1)  In  year  1.  a  pulse  time  device  in  which  light  at  lower  power  (50  pW)  laser  diode  is 
employed.  The  time  delay  in  light  propagation  from  the  input  to  output  fiber  optic  couplers  is 
related  to  the  scattering  factor  and  the  measured  rate  of  decay  of  emerging  photons  is  related  to 
the  absorption  factor.  2)  Phase  modulation  (veai’s  2  and  3).  which  is  more  convenient  and  rapid, 
measures  the  phase  shift  of  a  high  frequency  oscillating  light  of  approximately  the  same  power 
and  wavelength  used  in  the  pulse  time  method.  Here,  there  is  direct  reading  of  the  time  delay 
which  is  characteristic  of  the  scattering  power  when  low  frequency  oscillation  is  employed. 
Contrast  agents  may  be  used  to  increase  the  tumor  detection  sensitivity.  For  example,  the 
absorption  of  porph3rrins  at  620  nm  and  indocyanine  green  at  860  nm,  afford  possibilities  to  follow 
the  time  course  of  tumor  uptake  of  optical  contrast  agents.  Histopathological  confirmation  of 
diagnosis  will  be  obtained  and  correlated  with  the  optical  and  MRI  results.  Both  the  imaging  and 
optical  data  obtained  from  this  proposed  project  will  facilitate  research  on  using  the  optical 
properties  of  breast  tissue  to  screen  for  early  stage  cancer. 
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ANNUAL  REPORT 


Contract: 
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IMIRQDUCTIQN 

Preliminary  data  on  human  subjects  indicates  that  the  absorption  factor  (pa) 
and  scattering  factor  (ps')  of  near  infrared  optical  radiation  (670-780  nm)  are 
several  hundred  percent  larger  in  tumor  than  in  normal  breast  tissue.  High 
consistency  in  the  absorption  factor  (pa)  (average  value  is  0  0213  ±.  O.OOS  cm* I)  has 
been  obtained  in  12  examinations  of  S  normal  subjects,  providing  a  baseline  for 
tumor  detection.  Thus  the  increased  blood  content  of  the  tumor  relative  to  the  breast 
tissue  affords  a  physiological  contrast  agent. 

Two  techniques  are  to  be  employed  quantifying  optical  absorption  and  scat¬ 
tering  factors  of  breast  tissue:  1)  A  pulse  time  device  tYear  1.  Table  11  in  which  a 
laser  diode  emits  two  colors  of  red  light  at  lower  power  (SO  pW).  Light  is  scattered  by 
the  tissue  and  is  picked  up  by  a  sensitive  and  fast  detector.  The  time  delay  in 
propagation  from  the  input  to  output  fiber  optic  couplers  is  related  to  the  scattering 
factor  and  the  measured  rale  of  decay  of  emerging  photons  is  related  to  the 
absorption  factor.  Thus,  these  two  quantities  can  be  determined  from  the  time  cor<rse 
of  light  emission  from  various  portions  of  the  breast.  These  factors  would  be 
selectively  modified  by  the  presence  of  tumor  within  the  optical  field.  2)  Phase 
modulation  (Years  2  and  3.  Table  1)  measures  the  phase  shift  of  a  high  frequency 
oscillating  light  between  the  source  and  detector.  The  time  delay  is  characteristic  of 
the  scattering.  This  apparatus  is  more  compact  and  portable  than  the  pulsed  time 
method,  however,  both  are  suitable  for  clinical  use. 

Collaboration  with  Dr.  R.  Lenkinski  and  Dr.  M.  Schnall  is  assured  by  our 
concurrent  study  of  the  same  patients  as  those  examined  by  gadolinium-enh&nccd 
MRI  (Magnetic  Resonance  Imaging).  Histopathological  confirmation  of  diagnos'*- 
will  be  obtained  and  correlated  with  the  optical  and  MRI  results. 

The  set  of  data  acquired  by  either  phase  modulation  or  the  pulse  time  met 
can  be  combined  directly  to  give  localized  values  of  absorption  and  scattering 
properties  of  tissue.  Imaging  the  spatial  distribution  of  the  absorption  and 
scattering  properties  of  the  breast  tissue  is  expected  to  increase  the  sensitivity  for 
detecting  tumor 
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EXPERIMENTAL  METHODS  /  RESULTS  OBTAINED 


The  experimental  methods  used  in  these  studies  foUow  those  of  Aim  1  which 
"complements  needle  biopsy  procedure  with  a  fast  localized  optical  field  that  includes 
the  suspected  tumor  and  detection  quantitates  pg'  and  pa  characteristics"  (sec  Fig.  I 
below). 


PLANNED  SCHEDULE  OF  STUDIES 
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Figure  1.  Histogram  display  (Xs670  mm  of  22  observations  of  Pa  ^  Itg'  in  a  normal 
human  breast  over  a  wide  ethnic  and  age  population.  It  is  seen  that  there  is  a  tight 
clustering  of  both  Pa  and  Pi'  values  for  the  nc'Jial  breast.  The  characteristics  of  a 
human  neck  tumor  are  indicated  to  be  widely  separated  from  those  of  the  normal  human 
mammary. 
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Results  of  Studies 


fli  4,'  at  various  locations  (Nioka,  S.,  ct  al  1994)  are  analyzed.  Thus.  _a  rigorous  statistical 
analysis  of  these  observations  for  these  20  patients  is  presented.  The  breasts  contained 
tumors  between  5  and  7  mm  in  diameter  as  determined  by  MRI  gadolinium  enhanced 
imaging.  Figures  2  and  3  are  intended  to  show  the  perturbation  of  lia>  Us'  values  with 
respect  to  the  control  value  Tigure  1.  The  distribution  of  |ta  values  is  greater  than  in  the 
normal  breast  as  would  be  expected  due  to  the  tumor  induced  heterogeneity. 

The  values  of  Ps'  are  significantly  different  from  those  of  the  control  of  Figure  1 
which  center  around  5.5  cm-'  for  the  20  tumor  bearing  breasts  examined.  This  result  is 
consistent  with  the  data  obtained  under  other  support  where  the  scattering  of 
mitochondria  in  tumors  appears  less  than  other  tissues,  such  as  brain  (breast  adipose 
tissue  had  not  yet  been  studied). 

Pg  (human  breasts  with  cancers) 

20  subjects  and  total  700  observations 


PaCm-i  (x  1000) 

SN347 

Figure  2.  Distributiuc  of  pa  values  (times  1,000)  for  human  breast  with  small  tumors  of 
the  20  subjects  of  this  progress  report. 
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|.ig'(human  breasts  with  cancers) 

1 6  subjects  and  total  600  observations 


SN348 

Figure  3.  Histogram  display  of  4$'  values  for  human  breast  with  small  tumors  of  the  20 
subjects  of  this  progress  report. 

Thus  we  have  achieved  the  goals  of  Aim  1. 

Progress 

The  progress  in  Year  1  has  been  according  to  the  proposed  time  table,  namely  the 
use  of  the  pulse  time  method  and  we  have  been  able  to  analyze  700  observations  bv  TRS 

(time  resolved  spectroscopy)  optical  spectroscopy  and  imaging  of  tumor  bearing  breasts 

of  20  out  of  30  patients  studied  at  the  date  of  reporting  period  (6/1/93  to  3/10/94:  an 
interval  of  8.5  months). 

The  protocol  ensures  that  the  breast  studied  is  tumor  bearing;  candidates  for 
surgical  treatment  were  First  studied  by  NMR/MRI  using  gadolinium  chelate  and  then  by 
the  optical  method,  using  as  contrast,  the  absorption  and  scattering  as  proposed  in  the 
grant  application.  In  this  particular  geometry,  the  patient  is  studied  by  MRI  prone  with 
the  breast  pendant.  The  MRI  expected  location  of  the  tumor,  as  obtained  from  gadolirium 
contrast,  is  penciled  on  the  breast  and  repeated  optical  scans  of  the  tumor  are  taken  with 

the  TRS  system.  The  data  analysis  has  given  both  absorption  and  scattering  values  and 
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mscript  for  further  data  and  details. 


Proposal  for  Year  2 


The  plan  of  studies  for  Year  2  includes  the  10  remaining  subjects  of  the  8.5  months 
of  support  of  Year  1  and  is  according  to  the  proposed  schedule,  Method  3,  Phase 
Modulation  and  Method  4,  Amplitude  Modulation  for  the  same  number  of  tumors  as 

studied  in  Year  1.  i.e.,  30.  The  patient  group  is  from  the  same  source  as  in  this  study. 
namely  Dr.  Susan  Orel  of  Department  of  Radiology.  Hospital  of  the  University  of 

Pennsylvania  We  expect  the  Phase  Modulation  studies  to  be  more  sensitive  than  TRS  and 

the  examination  time  will  be  shorter  because  of  the  faster  response.  In  this  case,  the 


values  of  Pa  will  be  enhanced;  phase  modulation  gives  Y^y^^and  data  are  obtained  with 

two  optical  wave-lengths,  usually  754  and  816  nm  at  which  pg'  is  invariant  and  |ia 
calculated,  from  which  hemoglobin  saturation  is  computed  from  known  values  of 
extinction  coefficient. 


Contribution  to  Decision  Making 

We  have  tabulated  the  data  on  u-a  and  Ug'  from  our  patients  as  shown  in  Figures  2 
and  3  and  expect  that  further  data  will  be  even  more  refined  and  contributory  to  decision 
making.  It  is  clear  that  a  biomodal  distribution  is  obtained  in  Figure  3  and  mav  afford  a 
decision  criterion. 


CONCLUSIONS 

The  conclusions  of  the  studies  of  20  tumor  bearing  breasts  (700  measure.*!  for  u,,. 
and  600  for  Ug')  indicate  that  the  scattering  factor  may  afford  more  sensitivity  than 
absorption  factor,  under  these  conditions  of  observation,  where  low  resolution  imaging 
has  been  employed  and  the  characteristics  of  the  small  tumor  (5-7  mm  diameter)  may 
have  been  "diluted"  out  by  the  lack  of  imaging  resolution.  We  expect  to  obtain  greater 
sensitivity  as  the  imaging  ability  is  increased  and  as  the  phase  modulation  (Method  3) 
and  amplitude  modulation  (Method  4)  studies  will  be  undertaken  in  Years  2  and  3  of 
proposed  support. 
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OPTICAL  IMAGING  OF  HUMAN  BREAST  CANCER 


Shoko  Nioka,  Mitsuhani  Miwa,  ^Susan  Orel,  ^Mitchell  Shnall, 

Munetaka  Haida,  Shiyin  Zhao  and  Britton  Chance 

Depaitments  of  Biochemistry  and  Biophysics,  and  ^Radiology,  University 
of  Pennsylvania,  Philadelphia,  PA  19104 


INTRODUCTION 

Breast  cancer  has  become  one  of  the  most  serious  epidemic  diseases  of  middle  aged 
women  since  the  incidence  has  increased  over  the  decade  dramatically  to  one  eighth  or  ninth 
of  a  woman's  life  time.  Over  thirty  thousand  woman  die  every  year  from  breast  cancer. 
Mortality  can  be  reduced  by  early  cancer  detection.  While  X-ray  mammography  has  been 
used  to  screen  breast  cancer  currently,  this  technique  has  difficulty  detecting  breast  cancer  in 
some  cases.  The  reasons  are  as  foUows;  first,  its  (ktection  ability  has  been  restricted  in  some 
cases,  as  it  is  truunly  sensitive  to  calcification,  and  is  hard  to  distinguish  between  normal 
filrotic  tissue  and  cancer.  Secondly  for  woman  under  the  age  of  35  years  old.  X-ray 
mammognun  does  not  see  through  breast  tissue  with  sufficient  contrast,  since  young  breast 
tissue  is  normally  Itibrotic.  Thirdly  X-ray  radiation  itself  is  carcinogenic,  and  fr^uent  usage 
is  not  recommended.  Recently,  Magnetic  Resonance  Imaging  has  appeared  to  be  a  better 
technology  than  X-ray  for  new  mammography  (1),  but  it  is  more  expensive  and  may  not  be 
used  as  a  typical  screening  test  at  present.  For  these  reasons,  we  are  still  seeking  a  bener 
imaging  technique  to  satisfy  our  needs  for  early  breast  cancer  detection. 

Despite  the  long  history  of  the  optical  imaging  technology,  it  has  not  been  commonly 
used  for  breast  cancer  detection.  Photon  diffusion  into  the  tissue  makes  a  shadow  of  the 
object  too  obscure  to  use  for  imaging.  The  shadow  imaging  with  continuous  light 
(diaphanography)  has  been  used  in  Asia,  where  average  breast  size  >s  relatively  smaller,  but 
the  shadow  technique  does  not  allow  real  imaging.  Today,  with  new  technologies,  such  as 
the  time  gated  technique  (2),  long  path  diffusive  photons  are  eliminated  and  therefore  better 
images  can  be  obtained.  We  have  studied  the  ability  of  the  time  gated  optical  technique  to 
human  breast  cancer. 

We  have  chosen  to  develop  the  time  gated  optical  technique  for  breast  cancer 
detection  for  the  following  reasons.  First,  the  breast  tissue  consists  of  a  relatively  low 
scattering  media,  namely  fat,  whose  scattering  coefficient  is  as  low  as  3  cm*  ^ .  Second,  the 
breast  is  located  on  a  surface  of  the  body  and  accessible  to  optical  instruments.  Thirdly,  the 
time  gated  technique  will  allow  selection  of  photons  which  have  not  diffused  extensively 
(the  extensively  diffused  photons  are  the  ones  which  create  obscure  images).  We  selected  15 
%  of  total  photons,  which  relatively  less  diffused  and  arrived  earlier  than  85%  of  rest  of 
photons.  We  emphasize  not  only  possible  improvement  of  sensitivity  of  detection  by  this 
time  gated  technique,  but  also  high  specificity  of  cancer  detection  by  functional  imaging.  It 
creates  an  oxygen  image  through  hemoglobin  oxygenation,  a  blood  volume  image  and  a 
scattering  image,  and  therefore  can  be  helpful  in  interpreting  the  cell  funcuon  of  lesions. 
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P:<Uimnary  studies  using  time  resolved  spectroscopy  (TRS)  for  characterizing  tumors  in  the 
breast  has  been  published  elsewhere  (2). 


SUBJECTS  AND  METHODS 

Thirty  five  women  who  had  breast  tumors  detected  by  X-ray  mammogram  were 
subjects  for  the  optical  imaging.  The  age  of  the  women  spread  from  30  to  84  years  old.  In 
them,  IS  patients  had  lesions  removed  (lumpectomy  operation).  20  patients  had  a  single 
suspicious  small  tumor  shadow  in  the  mammography  liie  tumor  sizes  are  from  3  mm  to  1 
cm  diameter.  The  post-operative  scar  tissue  contains  seroma,  fibrotic  scar  as  well  as  fibro¬ 
cystic  tissue,  which  was  located  initially.  The  size  of  the  post-operative  lesion  is  2  cm  to  5 
cm  in  diameter.  Approximately  30%  of  ^e  patients  have  primary  fibrocystic  disease. 

For  the  optical  measurement,  the  breasts  were  compressed  gently  with  two  surface 
holders  located  parallel  to  each  other  (Figure  1).  One  surface  holds  an  incident  light  guide 
and  the  other  holds  a  light  guide  coupled  to  a  detector,  photomultiplier.  In  between  the  two 
light  guides,  time  resolved  spectra  of  the  breast  are  acquired  through  transmittance  mode. 
Then,  the  light  guides  are  moved  on  the  two  surfaces  5  mm  equally  to  obtain  a  two 
dimctisional  transmittance  image.  During  the  acquisition,  light  guide  separation  is  fixed  and 
constant 


Figure  1.  The  schema  shows  a  set  up  for  the  optical  breast  imaging.  The  breast  is  gentry  compressed  with 
two  surface  holders  located  parallel  to  each  other.  One  surface  holds  an  incident  light  guide  and  the  other 
holds  a  light  guide  coupled  to  a  detector.  In  between  the  two  light  guides,  TRS  of  the  breast  are  acquired 
through  transmittance  inode. 


A  time  resolved  spectrometer  (TRS)  consists  of  two  wavelength  pulsed  lasers, 
which  emit  lights  at  780  and  830  nm,  a  photo  multipUer  (gallium  arsenide),  a  time  amplitude 
converter  (TAG),  a  photon  counting  system,  and  data  stored  in  a  personal  computer 
through  an  A/D  converter.  Time  width  of  the  pulsed  laser  light  is  300  picoseconds  through 
the  TTIS  system  and  is  used  as  an  instrument  function.  This  time  resolution  of  the 
instrument  function  is  good  enough  for  human  breast  spectra  to  be  used  without 
deconvolution  because  the  tissue  spectra  gained  the  half  width  more  than  5  times  larger  than 
the  instrument  function.  The  two  tissue  spectra  at  the  two  wavelengths  arc  acquired 
simultaneously  by  time  sharing  (delaying  one  pulse  by  10  nanoseconds). 
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The  two  tissue  spectra  with  wavelengths  at  780  nm  and  830  nm  arc  analyzed  to 
obtain  absorption  and  scattering  coefficients  with  a  curve  fitting  program,  which  in 
principle,  is  based  upon  a  diffusion  equation  using  semi-infinite  boundary  conditions 
(Patterson  and  co-workers  model)  (3).  Scattering  coefficients  are  mainly  calculated  at 
maximum  of  photon  arrival  riiVie  in  the  equation.  This  requires  15  to  20  %  of  early  arrival 
photons.  The  absorption  coefficient  is  mainly  calculated  by  the  photon  decay  curve  of  the 
spectra  in  the  equation,  requiring  25  to  50  %  of  the  early  arrival  photons.  Hemoglobin 
saturation  with  oxygen  (SaOi)  is  calculated  using  the  two  absorption  coefficients  (4).  As  a 
presentatior!  of  blood  volume,  the  two  absorption  coefficients  are  averaged.  Scattering 
coefficients  at  two  wavelengths  ate  also  averaged  to  yield  a  scattering  image. 

Three  independent  pieces  of  information  are  used  to  process  three  images  from  a  set 
of  measurements;  the  oxygen  image  is  based  upon  hemoglobin  saturation  with  oxygen, 
blood  volume  image  from  absorptions,  scattering  image  from  scattering  coefficients.  Once 
these  three  are  calculated,  they  are  fed  into  the  image  processing  program,  which  translates 
the  location  of  light  guides  on  the  breast  surface  as  a  pixel  of  the  image.  It  therefore  creates 
images  of  a  5  iiim^  resolution.  Usually  a  5  x  7  pixel  image  is  acquired. 


RESULTS 

It  is  found  that  the  ability  to  detect  jast  lesions  by  the  time  gated  optical  method 
depends  upon  the  size  of  lesions,  the  thickness  of  the  breast  and  contents  of  breast  tissue 
(fat  and  fibrous  tissue).  Usually  post-operative  lesions  can  be  seen  in  our  optical  images, 
but  a  small  cancer  mass  of  less  than  1  cm  in  efiameter  is  not  detectable  with  5  to  10  cm  duck 
breasts.  Here,  we  show  3  patients  who  have  post-operative  lesions  v^nth  4  optical  images 
andMRI. 

Case  No.  1.  The  images  shown  in  Figures  2  to  5  are  from  a  38  year-old  patient  whose 
cancer  was  removed  one  month  previous  (lumpectomy),  and  under  pre  and  post  radiation 
therapy,  respectively.  A  2  x  1.5  cm  cyst  is  (formed  in  the  location,  where  a  cancer  mass  was 
before  operation  (See  MRl  Figure  2,  and  4  corresponding  to  optical  images  of  Figure  3  and 


Figure  2.  MRI  (lateral  slice)  of  case  1,  whose  cancer  was  removed  (lumpectomy)  one  month  previously. 
Tliis  MRl  was  taken  prior  to  radiation  therapy  (pre-radiauon).  The  closed  area  shows  the  area  that  opucaJ 
imaging  was  conduct^  (see  Figure  3).  Also  note  that  a  cyst  2  x  1 .5  cm  is  seen  in  the  locauon. 
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Figure  5).  Light  guide  separation  was  6  cm.  The  cyst  had  less  oxygen  level;  O2  saturation 
in  Hb  is  82%  in  the  cyst  and  85-87%  in  the  surrounding  ussue  in  pre-radiation  (Figure  3- 
C).  After  radiation  therapy,  the  size  of  the  cyst  became  r^uced  and  formed  a  heterogeneous 
fibrotic  tissue  (Figure  4).  An  overall  lower  O2  level  was  observed  in  the  same  area  in  post 
radiation  than  in  pre-radiation  (Figure  5C  as  c''mpared  to  Figure  3C).  and  similar 
heterogeneity  was  observed  in  the  area  where  the  smaller  cyst  is.  The  area  where  the  cyst 
and  fil^us  scar  tissue  are  located  has  less  blood  volume  (less  absorption  (Figtue  3-B,S-B)) 
and  more  scattering  (Figure  3-A,  Figure  5-A). 


Figure  3.  Optical  images  of  case  1,  under  pre-radiation  onresponding  to  Figure  2.  A:  scauering  image.  B; 
blood  volume  image  C:  oxygen  image.  Note  that  the  cyst  has  low  oxygen  concentration  than  the 
smounding  tissue. 


Figure  4.  MRI  of  case  1.  after  a  radiation  therapy.  The  closed  area  shows  the  area  that  opucal  imaging  was 
conducted  (see  Figure  S).  The  size  of  the  cyst  became  reduced  and  formed  a  heterogeneous  fibrotic  mass  due 
to  the  irradiation. 
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Figure  S.  Optical  images  of  case  I ,  post-radiation  thenpy,  corresponding  to  Figure  4.  A:  scatienpg  image. 
B:  blood  volume  image  C:  oxygen  image.  The  lesion  is  more  scattering  and  contains  less  oxygen  than  the 
suiroMtding  tissue. 


CsM  No.2.  The  MRI  and  the  optical  image  (Figures  6,7)  is  from  a  post  lumpectomised 
cancer  patient.  She  is  48  years  old  who  has  small  to  medium  size  breasts  (light  guide 
separadon  4  cm).  After  lumpectomy,  there  is  a  4.S  x  2.S  cm  mass  consisting  of  fibrotic  scar 
tissue  and  cysts  in  the  middle  of  her  breast  (Figure  6).  The  optical  images  were  taken 
latenlly  covering  between  cysts  and  fibrotic  tissues.  The  oxygen  image  shows  that  a  part  of 
the  cyst  has  a  low  oxygen  level  indicating  a  quite  heterogeneous  profile  (Figure  7-C).  The 
oxygen  level  in  the  cyst  capsule  is  paniculariy  higher  than  the  surrounding  tissue.  The  blood 
volume  image  shows  that  the  cysts  have  less  blo^  volume  (Figure  7-B).  In  addition,  there 
is  heterogeneity  in  the  scattering  images  in  the  cysts  as  well  as  in  the  surrounding  fibrotic 
tissue  (Figure  7-A)  constructing  an  image  of  scar  tissue. 


Figure  6.  MRI  of  case  2,  who  has  a  large  lesion  after  a  lumpectomy.  A  lesion  consists  of  cysts,  fibrous  scar 
tissue,  and  cysts. 
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Figure  7.  Optical  images  of  case  2.  The  images  were  taken  from  top-to-botiom  (cardio-caudal)  direction.  A 
transmittance  light  was  shed  in  the  direction  of  indicated  lines  and  between  two  lines  (Figure  6).  The  line 
nearer  to  the  nipple  corresponds  to  the  left  line  of  each  image.  The  right  side  of  tlie  images  clearly  show  the 
lesion.  Note  that  the  lesion  has  a  lower  oxygen  location,  which  scatters  more  than  suirounding  tissue, 
indicating  a  heterogeneity. 
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Cast  imO.  The  paDcm  ii  52  yeat's  old  and  weighs  180  lbs.  Her  tumor  in  the  breast  is 
detemuned  to  be  a  cance.  by  biopsy.  She  already  has  gone  through  a  lumpectomy  followed 
by  a  radtaoon  theraps' , Figure  81 


The  opQcal  images  (Figure  9)  were  taken  with  cardio-caudal  dirccuon.  In  the  optical 
icanehng  image  (Figure  !>-A).  there  are  two  highly  scattered  masses,  connected  to  each 
other  by  a  capsule  like  sma:turc.  This  capsule  like  structure  has  higher  oxygen  tension  than 
those  in  the  two  masses  (F^^^ure  9-C).  The  two  masses  differ  in  blood  volume  (Sec  Figure 
9-B).  «»e  near  the  mpplc  has  more  blood  volume  tlian  the  other. 


Figure  8.  MRI  (cardio-caudal  direction)  of  case  3.  post-lumpcriomy.  The  closed  area  shows  die  area  that 
optical  imaging  was  conducted  (see  Figure  9). 
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Figore  9.  Optical  imagei  of  cik  3.  conesponding  lo  Figure  8.  A:  scaiienng  inuge.  B;  blood  volume 
image  C:  oxygen  image.  There  are  two  highly  scaiiered  manes  connected  to  each  other  by  a  capsule  like 
soucture.  This  capsule  has  higher  oxygen  tension  than  m  the  two  masses. 


DISCUSSION 

Clearly,  we  have  demonstrated  that  the  time  gated  optical  imaging  technique  is 
capable  of  imaging  a  relatively  large  object.  However,  this  technique  does  not  yet  clearly 
detect  a  small  cancer  (generally  smaller  than  1  cm),  therefore  we  did  not  include  those  small 
tumors  in  this  report.  It  is  shown  that  the  time  gated  imaging  system  is  not  yet  as  precise  as 
X-ray  mammography  for  lesions  smaller  than  1  cm  in  size.  However  it  is  certainly  better 
than  the  current  diaphanography  in  principle. 

In  the  optical  imaging  technique,  the  main  cause  responsible  for  low  resolution  of 
image  is  photon  diffusion.  For  the  human  breast  image,  conditions  for  die  continuous  wave 
technique  (  any  technology  which  uses  CW  light  or  current  diaphanography)  are  viable  in 
breasts  that  are  small,  thin  and  fatty,  and  having  tumors  larger  than  1  cm  in  ^ameter.  Since 
the  CW  technique  will  not  satisfy  most  of  ne^s  for  ear  ly  detection  of  breast  cancers,  we 
have  developed  a  time  gated  photon  imaging  system  to  test  feasibility  for  the  purpose. 
Scattering  and  absorption  images  use  only  15-20%  and  40-50%  of  early  arriving  photons 
respectively,  which  therefore  eliminates  most  of  more  diffusive  photon,  that  create 
obscurity.  The  results  show  that  the  scattering  image  may  have  more  clearer  images  of 
lesions  than  those  used  absorption  (oxygen  and  blood  volume  images)  because  of  narrower 
time  windows  for  scattering  images. 
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It  is  clear  that  this  time  gated  system  is  not  adequate  to  show  a  high  contrast  of 
lesions  of  less  than  1  cm  in  size  from  surrounding  dssue.T'he  cause  of  low  resolubon  comes 
from  the  many  factors.  First,  although  fortunately  the  breast  contains  substanual  amounts  of 
fat,  whose  scattering  factor  is  low  compared  to  any  other  tissue  consbtuents,  contrast 
between  fat  and  fiber  and  tumor  is  not  always  substanbai  enough.  Secondly,  differences  of 
oxygen  tensions  or  blood  volumes  between  those  bssue  componenu  also  may  not  be  sub¬ 
stanbai  enough.  Thirdly,  the  technique  we  use  here  presents  a  number  in  a  pixel  as  a  mean 
value  of  a  long  bssue  mass  across  the  two  light  guides,  and  can  not  present  a  small  lesion. 

These  problems  can  be  solved  by  finding  causes  of  obscurities.  A  more 
sophisbcated  image  reconstrucdng  technique  such  as  inverse  recovery  technique  (S),  will 
better  adapt  photon  diffusion  characterisucs  into  the  image  construction  procedures.  In 
addibon,  we  will  be  able  to  obtain  higher  resolubon  images  with  a  contrast  agent,  such  as 
cardiogreen.  which  may  accumulate  in  the  lesions  with  permeable  capillaries  and  more 
circulabon.  One  of  the  opbcal  techniques,  the  phased  array  system  using  phase  modulauon 
device  will  be  expected  to  give  better  resolubon,  and  will  be  suitable  for  detecbng  a  small 
object  (7).  We  are  in  the  early  stage  of  developing  the  optical  imaging,  and  in  the  future 
ancmpu  to  improve  substanbally  the  quality  of  opbcal  imagings  will  be  pursued. 

SUMMARY 

Since  an  increasing  number  of  breast  cancers  have  been  reported  in  recent  years, 
there  is  a  need  for  improving  techniques  for  early  detecnon  of  the  breast  cancer.  Here  we 
tested  a  tune  gated  opbcal  imaging  technique  as  a  tool  for  imaging  human  breast.  Pulsed 
laser  light  at  wavelengths  of  780  a^  830  nm  are  transmitted  through  human  breast  bssues 
and  tune  spectra  of  the  diffused  light  through  the  bssue  are  recorded  over  nanoseconds.  Dau 
from  different  locabons  are  acquired  and  used  to  reconstruct  a  two  dimensional  image  as  a 
set  of  spectra  in  pixel  fonn.  The  imaging  consisu  of  absorpbon  and  scattering  coefficients, 
and  the  absorpbon  coefficients  at  the  two  wavelengths  are  related  to  oxygen  concentiabon 
and  blood  volume.  The  analysis  of  these  coefficients  is  based  upon  the  early  arrival 
photons,  therefore  allowing  construebon  of  a  better  image  than  those  from  the  current 
diaphanogiaphy.  We  demonstrate  images  of  breast  cancer,  cysts  created  after  lumpectomy, 
and  consequences  of  radiabon  therapy.  Results  show  that  bme  gated  opbcal  imaging  can 
image  oxygen  concentrabon  in  the  cancerous  and  fibrobc  breasts.  Resoluoon  of  the  imaging 
for  smaller  tumor  size  needs  to  be  improved. 
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